The Fisher-Shannon (FS) information plane, defined by the Fisher information measure (FIM) and the Shannon entropy power (N X ), was robustly used to investigate the complex dynamics of eight monthly streamflow time series in Colombia. In the FS plane the streamflow series seem to aggregate into two different clusters corresponding to two different climatological regimes in Colombia. Our findings suggest the use of the statistical quantity defined by the FS information plane as a tool to discriminate among different hydrological regimes.
INTRODUCTION
The analysis of the time dynamics of a river streamflow has gained a great importance because it can be considered as the integral of the annual or interannual climatic fluctuations, which characterize its basin. In fact, the literature dealing with river streamflows is mainly focused on the role of a river streamflow as a sort of climatic indicator to identify and characterize different climatic periods (Pekarova et al. 2003 , Milliman et al. 2008 . Indeed, the use of streamflow changes for detecting significant trends, identifying major oscillations periods, and determining relationships between hydrological responses and climatic forcings was performed by several authors. Probst and Tardy (1987) , analyzing the annual streamflow data of fifty major rivers distributed all around the world deduced that during the first half of the last century Europe and Asia were affected by a significant humid regime that affected Africa, North and South America in the last half of that century. Pekarova et al. (2003) analyzing many streamflows worldwide identified alternating phases of wet and dry periods and extreme cycles of high-low discharge with periods from years to tens of years. But Milliman et al. (2008) noted significant changes just in individual rivers and at regional levels. Some authors have also analyzed the relationship between streamflow of Colombian rivers and El Niño-Southern Oscillation (ENSO) phenomenon (Mesa et al. 1997 , Restrepo and Kjerfve 2000 , Gutiérrez and Dracup 2001 , Restrepo et al. 2014 .
From all these studies it is possible to argue that investigating the time structure of streamflows was principally aimed at identifying and possibly quantifying climate-related long-term trends, cycles, scaling, or also anomalous patterns with respect to a certain background.
Streamflows can be considered as the output of systems whose complexity can be measured by its organization and order. In order to get such a knowledge, we need to use appropriate methodological approaches.
In the present paper, we investigate the time dynamics of eight streamflows measured by gauging stations located along the Caribbean plain of Colombia using the Fisher-Shannon (FS) method. The FS approach is based on the information content of the time series using the statistical measures of the Fisher information measure and the Shannon entropy (described in Section 2.2), and is a powerful statistical method to gain into insight the inner dynamics of a complex system.
DATA AND METHODS

Hydrological data
The Caribbean plain of Colombia is located in the northernmost South America. It extends from the Darien tropical rainforest in the ColombiaPanama border, to the Peninsula de La Guajira in the east, and the slopes of the Cordillera de los Andes in the south (Fig. 1) . It comprises extensive lowlands with heights below 100 m, plateaus with heights between 200 and 1000 m in the southwest (Serranías de Abibe, San Jerónimo, and Ayapel) and northeast (Serranía de Macuira), and one of the highest coastal mountains of the world, named Sierra Nevada de Santa Marta, with heights up to 5000 m. The Instituto de Hidrología, Meteorología y Estudios AmbientalesColombia (IDEAM) provided monthly maximum and minimum streamflow data from the main rivers of the Caribbean plain of Colombia (Fig. 1) . The selection of rivers and corresponding gauging stations was based on two important conditions: (1) the station is located close to the downstream part of the basin; and (2) its hydrological data record is longer than thirty years (see Tables 1 and 2 for the characteristics of the selected rivers).
The Fisher-Shannon information plane
The Fisher-Shannon (FS) information plane represents an efficient tool to investigate the complex temporal fluctuations of nonstationary signals. It is constructed with coordinate axes given by the Fisher information measure (FIM) and the Shannon entropy power (N X ) that are both well known in the context of information theory. The FIM quantifies the amount of organization or order in a system, while N X measures its degree of uncertainty or disorder. The FIM was developed by Fisher (1925) in the context of statistical estimation. Then, it was utilized for different aims. Frieden (1990) used the FIM to describe the evolution laws of physical systems. Martin et al. (1999 Martin et al. ( , 2001 ) applied it to characterize the temporal fluctuations of electroencephalograms (EEG) and to detect significant dynamical changes. Complex geophysical and environmental phenomena, like volcano-related signals, earthquake-related electromagnetic signals, and atmospheric particulate mat-ter, benefited of the application of the FIM methodology to gain insight into their inner time dynamics and the mechanisms underlying their temporal fluctuations and to reveal precursory signatures of critical phenomena , Telesca et al. 2009 .
Shannon entropy is used to quantify the uncertainty of the prediction of the outcome of a probabilistic event (Shannon 1948a, b) ; in fact, it is zero for deterministic events. For continuous distributions the Shannon entropy can take any real positive and negative value. In order to avoid the difficulty arising with negative information measures, the so-called Shannon power entropy N X (defined below) can be used instead of the Shannon entropy.
Let f(x) be the probability density of a signal x, then its FIM I is given by
and its Shannon entropy is defined as (Shannon 1948a, b) :
As specified above, the notion of Shannon entropy power will be used 2 1 . 2ʌ
The two measures satisfy the so-called "isoperimetric inequality" IN X D, where D is the dimension of the space (Esquivel et al. 2010) . The isoperimetric inequality indicates that FIM and Shannon entropy power are linked to each other, and the so-called Fisher-Shannon (FS) information plane represents a tool for the characterization of signals. The product IN X can also be employed as a statistical measure of complexity (Romera and Dehesa 2004) , and for 1-dimensional space, the line IN X = 1 separates the FS plane in two parts, one allowed (IN X > 1) , and the other not allowed (IN X < 1) .
The calculation of the FIM and the Shannon entropy depends on the calculation of the probability density function f(x) (pdf). The pdf can be estimated by means of the kernel density estimator technique (Devroye 1987, Janicki and Weron 1994) that approximates the density function as:
with b the bandwidth, M the number of data, and K(u) the kernel function, a continuous non-negative and symmetric function satisfying the two following conditions:
In our study, we estimated the pdf f(x) by means of the algorithm developed by Troudi et al. (2008) combined with that developed in Raykar and Duraiswami (2006) , that uses a Gaussian kernel with zero mean and unit variance:
RESULTS AND DISCUSSION
We analyzed eight monthly streamflow time series recorded in Caribbean plains of Colombia. Figure 1 shows the geographical location of the gauging stations. Figure 2 shows the raw data. Selection was based on record length and location of the stations in order to cover a long range of years and a wide Colombian coast. Data cover the instrumental period, are proved to contain good quality measurements and correspond to different basins of Caribbean Colombia. We firstly applied the standard well-known power spectral density analysis to detect periodicities. We can identify annual and seasonal oscillations (as it was shown by the peaks in the power spectra) (Fig. 3 shows the power spectrum of Rancheria Q min data as an example), which we removed before applying the Fisher-Shannon method. Having filtered out the annual and seasonal cycles and normalized the monthly maximum (Q max,N ) and minimum (Q min,N ) streamflows (in order to avoid any dependence on the real amount of water volume per second), for each site we constructed a residual time series as (Q max,N + Q min,N )/2 (Fig. 4) . Figure 5 shows the Fisher-Shannon (FS) information plane: the y-axis represents the FIM and the x-axis represents the Shannon entropy power N X ; each symbol represents a residual streamflow series. The analysis of the FS information plane allows to discriminate two clusters, the one comprising the north-eastern sites (Rancheria, Palomino, Frio, and Fundación) and the other comprising the south-western ones (Sucio, Sinu, and Magdalena); Mulatos, even though it belongs to the second group, in the FS plane is closer to the first group. The two clusters reflect the different hydrological conditions that characterize the Andean rivers and the Sierra Nevada ones: the Andean rivers drain rather large basins, with Magdalena being the largest fluvial system in the Caribbean plain; while the rivers of the Sierra Nevada de Santa Marta drain small mountainous basins (< 5000 km 2 ) with steep gradients and limited alluvial floodplains. The Andean Mulatos river has a local pattern very likely influenced by the local orographic effects, with a small drainage basin that makes it closer to the Sierra Nevada cluster.
The Fisher-Shannon analysis shows that the Andean rivers are characterized by lower FIM (higher N X ) and the Sierra Nevada ones by higher FIM (lower N X ). This indicates that the Andean rivers are featured by lower system organization and order, while the Sierra Nevada ones by lower system disorder and higher organization. Hence, the Andean rivers undergo a disordered regime, with no preference for any particular set of states, while the Sierra Nevada ones undergo an ordered regime, in which a particular set of states is preferred. In fact, since the fluvial systems of the Sierra Nevada have drainage areas smaller than 5000 km 2 in mountainous zones, the topographical setting is a primary factor controlling streamflow variability. Instead, the Andean rivers, since they drain extensive plateaus or low-lying alluvial valleys, are subject to the coexistence of several controlling factors that enhance their disorder degree and lower their organization structure. For instance, the Magdalena river has a basin formed by 151 subcatchments, 42 of which are second-order watersheds, several main tributaries, like Cauca river (second largest river in Colombia), and, furthermore, characterized by high tectonic activity, hillslopes commonly exceeding 45°, landslides, steep gradients, and high relief tributary basins Restrepo 2005, Restrepo et al. 2006) . Fath et al. (2003) asserted that the Shannon entropy can be considered as a measure of the degrees of freedom of a system; and, hence, a system with few degrees of freedom has a high information content. In our case, the Sierra Nevada rivers, being less extensive and with a basin smaller and more concentrated than those of Andean rivers, are characterized by streamflow time variability with a lower number of degrees of freedom and high information content, as clearly indicated by the FS information plane. As it can be argued, such a number of streamflow controlling factors, larger for the Andean rivers than Sierra Nevada ones, may organize and order the streamflow data, as indicated by the significantly different FIM and Shannon entropy power values.
CONCLUSIONS
We analyzed eight monthly streamflow time series recorded in Caribbean plain of Colombia by using the Fisher-Shannon statistical method. The streamflow time series aggregate into two different clusters: one corresponds to Andean Rivers Group (except of Mulatos) and the other corresponding to the Sierra Nevada Group. The Andean Group is characterized by higher Shannon entropy power and lower FIM with respect to the Sierra Nevada Group. This indicates that the Sierra Nevada rivers are featured by higher organization and order than the Andean rivers that, on the contrary, are characterized by greater disorder and uncertainty. A connection between these dynamical properties and the particular characteristics of the topography and drainage area of the two groups was suggested.
